We present optical and UV analysis of the luminous type Ia supernova SN 2012dn covering the period ∼ −11 to +109 days with respect to the B band maximum, that occurred on JD 2456132.89 ± 0.19, with an apparent magnitude of m Ni was synthesized in the explosion. The decline rate ∆m 15 (B) true = 0.92 ± 0.04 mag is lower than that of normal type Ia supernovae, and similar to the luminous SN 1991T. However, the photometric and spectroscopic behaviour of SN 2012dn is different from that of SN 1991T. Early phase light curves in R and I bands are very broad. The I band peak has a plateau-like appearance similar to the super-Chandra SN 2009dc. Pre-maximum spectra show clear evidence of C ii 6580Å line, indicating the presence of unburned materials. The velocity evolution of C ii line is peculiar. Except for the very early phase (∼ −13 d), the C ii line velocity is lower than the velocity estimated using the Si ii line. During the pre-maximum and close to maximum phase, to reproduce observed shape of the spectra, the synthetic spectrum code syn++ needs significantly higher blackbody temperature than those required for normal type Ia events. The photospheric velocity evolution and other spectral properties are similar to those of the carbon-rich SN 2006gz.
= −19.42 ± 0.15, respectively. SN 2012dn is marginally luminous compared to normal type Ia supernovae. The peak bolometric luminosity of log L max bol = 43.27 ± 0.06 erg s −1 suggests that 0.82 ± 0.12 M ⊙ of 56 Ni was synthesized in the explosion. The decline rate ∆m 15 (B) true = 0.92 ± 0.04 mag is lower than that of normal type Ia supernovae, and similar to the luminous SN 1991T. However, the photometric and spectroscopic behaviour of SN 2012dn is different from that of SN 1991T. Early phase light curves in R and I bands are very broad. The I band peak has a plateau-like appearance similar to the super-Chandra SN 2009dc. Pre-maximum spectra show clear evidence of C ii 6580Å line, indicating the presence of unburned materials. The velocity evolution of C ii line is peculiar. Except for the very early phase (∼ −13 d), the C ii line velocity is lower than the velocity estimated using the Si ii line. During the pre-maximum and close to maximum phase, to reproduce observed shape of the spectra, the synthetic spectrum code syn++ needs significantly higher blackbody temperature than those required for normal type Ia events. The photospheric velocity evolution and other spectral properties are similar to those of the carbon-rich SN 2006gz.
INTRODUCTION
Type Ia supernovae (SNe Ia), characterized by the presence of the Si ii 6355Å absorption feature, are believed to be thermonuclear explosions of carbon/oxygen (C/O) white dwarf (WD) either accreting matter from its companion in a binary system, or merging with another white dwarf (Hillebrandt & Niemeyer 2000; Leibundgut 2000; Filippenko 1997) . A majority of these objects, known as 'normal' type Ia SNe, (Branch et al. 2006 ) form a remarkably homogeneous class with similar light curve shape and spectral evolution. The high and uniform peak luminosity makes them powerful distance indicators. SNe Ia have been used to measure the cosmic expansion history, leading to the discovery of accelerating universe and existence of dark energy (Riess et al. 1998; Perlmutter et al. 1999 ). The key fact behind this is that the light curves of normal SNe Ia can be normalized to a common light curve using empirical relations between light curve width and peak luminosity (Phillips 1993; Riess, Press & Kirshner 1996; Perlmutter et al. 1997; Phillips et al. 1999; Goldhaber et al. 2001) .
The observed homogeneity in SNe Ia is linked with the commonly accepted theory that the explosion of WD occurs at a mass close to the Chandrasekhar mass limit (Chandrasekhar 1931 ) of 1.4 M⊙. However, the detailed explosion mechanism and the nature of progenitors are still under investigation. With the availability of good quality data of SNe Ia in the recent years, deviation from the observed homogeneity, and the occurrence of peculiar and exceptional events is quite evident. A recent study by Li et al. (2011) has revealed that a majority of SNe Ia (∼ 70%) belong to a fairly homogeneous class -'normal' type Ia, while ∼ 9% are overluminous -SN 1991T-like events (Filippenko et al. 1992a; Phillips et al. 1992) , ∼ 15% are underluminous -1991bg-like events (Filippenko et al. 1992b ; Leibundgut et al. 1993) and ∼ 5% are peculiar -SN 2002cx-like events (Jha et al. 2006 ; Sahu et al. 2008; Foley et al. 2013) .
The discovery of the extremely luminous type Ia supernova SN 2003fg (SNLS-03D3bb: Howell et al. 2006 ) and the subsequent discoveries of SN 2006gz, SN 2007if and SN 2009dc challenge the existing theory of type Ia SN explosion of Chandrasekhar mass WD (Hicken et al. 2007; Yamanaka et al. 2009; Scalzo et al. 2010; Silverman et al. 2011; Taubenberger et al. 2011 , and references therein). Assuming the luminosity of SNe Ia is powered by radioactive decay of 56 Ni synthesized in the explosion, the mass of 56 Ni required to produce the observed luminosity of this class of objects exceeds 1 M⊙. Within the spherically symmetric explosion scenario, the existing models of SN Ia explosion of Chandrasekhar mass WD cannot produce the required 56 Ni. The inferred mass of 56 Ni can be produced only with a progenitor more massive than a Chandrasekhar mass WD. Hence, these extremely luminous type Ia SNe have been termed as 'super-Chandrasekhar-mass', or 'superChandra' type Ia. They have very bright peak at maximum M max V ∼ −20 mag and the early post-maximum decline is very slow. Apart from moderately low ejecta velocity and presence of unburned carbon, the near-maximum spectra of these objects are similar to those of normal SNe Ia. At nebular phase these SNe exhibit a photometric and spectroscopic behaviour diverse from normal SNe Ia. They show enhanced fading in the light-curve with a possible break at ∼ 150-200 d, and very weak/absence of [Fe iii] emission in their nebular spectra Taubenberger et al. 2013 ). The luminous and broad light curves of the superChandra SNe do not follow the Phillips luminosity-decline relation (Phillips 1993; Phillips et al. 1999 ) and may lead to wrong conclusions if included in cosmological studies (Taubenberger et al. 2011) .
To explain the observed properties of different classes of SNe Ia, a variety of theoretical models, incorporating both single-degenerate (SD), and double-degenerate (DD) progenitors, with their masses ranging from sub-Chandrasekhar to super-Chandrasekhar, and propagation of the thermonuclear burning front via deflagration (subsonic) to detonation (supersonic) have been proposed (Howell 2011, and references therein) . Detonation models produce mostly Iron Group Elements (IGEs), while deflagration models produce both Intermediate Mass Elements (IMEs) and IGEs, consistent with the observed spectra of SNe Ia. Deflagration models leave most of the materials unburned, and are unable to produce high velocity features. The delayed detonation model (Khokhlov et al. 1991; Gamezo, Khokhlov & Oran 2005) , in which a deflagration to detonation transition occurs at some stage of the thermonuclear explosion, is however, successful in reproducing the observed characteristics of SNe Ia. Models incorporating broken symmetries (Kasen, Röpke & Woosley 2009 ) and asymmetric explosion (Maeda & Iwamoto 2009; Maeda et al. 2010 ) have also been proposed to account for the observed diversity among SNe Ia.
In a sample of 29 objects, Hamuy et al. (1996) found that most of the luminous SNe Ia were found in galaxies with young stellar environments. With a larger sample of SNe Ia, Sullivan et al. (2010) have shown that their light curve width closely tracks the specific star formation rate (sSFR) and stellar mass of the host galaxies -massive and/or low sSFR galaxies host SNe with lower stretches (narrow light curves or higher ∆m15(B)). Super-Chandra SNe Ia are also suggested to occur preferentially in young stellar and low metallicity environments (Taubenberger et al. 2011 ; Table 2 . North is up and east to the left. The field of view is 10 × 10 arcmin 2 . Khan et al. 2011) . Differential rotation and merging mechanisms may play key roles in increasing the progenitor mass suitable for these objects. A rotating WD can support more mass than the classical Chandrasekhar mass limit of non rotating WD, with differentially rotating WDs being more massive than the rigidly rotating WDs (Yoon & Langer 2005) .
In this paper, we present optical and UV data of the luminous type Ia supernova SN 2012dn observed with 2-m Himalayan Chandra Telescope (HCT), Hanle and Swift UVOT. Section 2 describes the observation and data reduction techniques. Photometric and spectroscopic results are presented in Section 3 and 4. We discuss and summarize the paper in Section 5.
OBSERVATION AND DATA REDUCTION
SN 2012dn (PSN J20233626-2816434) was discovered by Stuart Parker on 2012 July 08.52 (UT) at a red magnitude of 16.3 in the SA(s)cd type galaxy ESO 462-G16 (PGC 64605), at a redshift of z = 0.010 (Theureau et al. 1998 , source NED). The supernova was located ( Fig. 1) (Bock, Parrent & Howell 2012) . Based on a spectrum obtained on July 10.2 (UT) with the 8-m Gemini South Telescope, classified it as a type Ia supernova, approximately a week before maximum light. The blueshift of the Si ii absorption minimum was measured as 12000 km s −1 . A strong C ii 6578Å absorption feature, blueshifted by ∼ 12200 km s −1 was detected in the spectrum. Based on the similarity of the spectrum of SN 2012dn with the pre-maximum spectra of SN 2006gz (Hicken et al. 2007 ), SN 2007if (Scalzo et al. 2010 ) and SN 2009dc (Yamanaka et al. 2009 ), it was suggested to be a possible super-Chandra event ). Analyzing the spectrum obtained on July 11.5 (UT) with the 
SN 2012dn
Ref. (Landolt 1992) were observed during photometric nights on 2012 July 16, 23 and October 13 for calibration of a sequence of secondary standard stars in the field of SN 2012dn. Several bias images were taken on each night during the observation. Flat-field sky images in the U BV RI bands were obtained during evening and morning twilight hours.
The data were processed in the standard manner, using various tasks available within the Image Reduction and Analysis Facility (iraf 2 ) software package. The data were bias corrected with a master bias frame, which is median of all the bias frames taken throughout the night. Median combined normalized flat-field images of the twilight sky were used for flat field corrections. After this, cosmic ray hits were removed.
Aperture photometry was performed on the standard stars with daophot package of iraf at an optimal aperture determined by the aperture growth curve. Using the bright stars in the field, an aperture correction was estimated by measuring the magnitude difference at optimal aperture and at an aperture close to full width half maximum (FWHM) of stellar profile. This correction was applied to the magnitude obtained at smaller aperture. Instrumental magnitudes obtained this way were corrected for atmospheric extinction using the average value of extinction coefficients for the site (Stalin et al. 2008 ). The average colour terms for the system were used to determine the photometric zero points on photometric nights. These zero points and average colour terms were then used to calibrate a sequence of secondary standards in the supernova field observed on the same nights as the standard fields. Calibrated U BV RI magnitudes of the secondary standards, averaged over 3 nights are given in Table 2 and have been marked in Fig. 1 . These magnitudes were used to calibrate the supernova magnitude obtained on other nights.
The magnitudes of supernova and the secondary standards in the supernova frames were obtained using point spread function (PSF) fitting technique, with a fitting radius equal to the FWHM of the stellar profile. The magnitudes of secondary standards were also estimated using aperture photometry. Magnitude difference between the aperture and profile fitting techniques was obtained using bright secondary standards. This correction was applied to the supernova magnitude. Zero-points on each night were determined using the secondary standards in the supernova field and finally supernova magnitudes were calibrated differentially with respect to the secondary standards. The final calibrated supernova magnitudes and errors in U , B, V , R and I bands are listed in Table 3. 2.1.2 UV-Optical Photometry using Swif t UVOT Supernova SN 2012dn was monitored with the Ultra Violet Optical Telescope (UVOT) on board the Swift satel- Poole et al. (2008) and Brown et al. (2009) . Aperture photometry was performed using uvotsource program to extract apparent magnitude of the supernova. During the early phase when supernova was bright an aperture size of 5 arcsec was used while in the late phase smaller aperture of 3.5 arcsec was used to estimate supernova magnitude and aperture correction as listed by Poole et al. (2008) was applied. Sky in the nearby region was estimated using an aperture as was used for the supernova. The Swift UVOT magnitudes of SN 2012dn is listed in Table 4 .
Spectroscopy
Spectroscopic observations of SN 2012dn were made in Gr#7 (wavelength range 3500-7800Å) and Gr#8 (wavelength range 5200-9250Å) using HFOSC at a spectral resolution of ∼ 7Å. Sixteen spectra, covering the phase −11.58 d (JD 2456121.31) to +98.18 d (JD 2456231.07) relative to the B band maximum were obtained. A journal of spectroscopic observation is given in Table 5 . Arc lamp spectra of FeNe (in Gr#8) and FeAr (in Gr#7) were obtained for wavelength calibration. Spectrophotometric standard stars were observed for flux calibration. Data reduction was done in the standard manner using various tasks within iraf. One-dimensional spectra were extracted using the optimal extraction method. The extracted spectra were wavelength calibrated using the arc lamp spectra. The instrumental response was removed from the wavelength calibrated spectra using spectra of spectrophotometric standard stars, preferably observed on the same night. In case of non-availability of standard star observation on a particular night, the standard stars observed during nearby nights were used. The spectra obtained in two wavelength regions were combined by scaling to a weighted mean to get the final spectrum on a relative flux scale. The spectra were then brought to an absolute flux scale by applying zero point corrections obtained from photometry. A redshift correction of z = 0.010 (adopted from NED) and total reddening correction of E(B − V ) = 0.18 mag (refer section 3.4) were applied to the final supernova spectra. The telluric lines have not been removed from the spectra.
LIGHT CURVE ANALYSIS

Light curves and colour curves
The light curves of SN 2012dn in the U , B, V , R and I bands are plotted in Fig. 2 . The UVOT magnitudes are also plotted in the same figure. There is a good agreement between the UVOT magnitudes in b and v bands and the B and V magnitudes obtained with the HCT. The observed data set is used to derive various photometric parameters of SN 2012dn, which are tabulated in Table 6 . The date of (Pastorello et al. 2007 ) and faster than the superChandra SNe Ia SN 2006gz (Hicken et al. 2007 ), SN 2007if (Scalzo et al. 2010 , and SN 2009dc (Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011 ).
The maximum in U band (13.936 ± 0.030 mag) occurred on JD 2456130.42 ± 0.06, ∼ 2.5 d before the B band maximum, while the supernova reached maximum in V , R and I bands at ∼ 1.6 d (JD 2456134.52 ± 0.10), ∼ 2.6 d (JD 2456135.46 ± 0.06) and ∼ 3.3 d (JD 2456136.16 ± 0.17) after B band maximum, respectively. In a recent study using the Swift UVOT data, Brown et al. (2014) have reported ∆m15(B) as 1.08±0.03. The date of maximum and magnitude at maximum estimated in this work are consistent with those reported by Brown et al. (2014) . The difference in the value of ∆m15(B) may be due to the methods adopted for its estimation. Brown et al. (2014) have determined it by stretching a template light curve (from MLCS2k2: Jha, Riess & Krishner 2007) to the data between 2 days before and 15 days after maximum light and interpolating from the stretched template, whereas we have determined it by fitting a cubic spline to the observed data points around maximum.
In normal and luminous SNe Ia, the maximum in I band always precedes that of B band. 2005). However, in SN 2012dn the I maximum occurred 3.3 days after B band maximum. For SN 2012dn, the delay in I band maximum with respect to B band is not in accordance with the observed trend for normal and luminous SNe Ia. A similar behaviour was also observed in SN 2009dc (Taubenberger et al. 2011) . Delayed I band maximum with respect to B band maximum has been observed in subluminous SN 1991bg-like objects (Taubenberger et al. 2008 ) and the peculiar subluminous supernova SN 2005hk ). In been shifted to match their peak magnitudes and to the epoch of B band maximum. From Fig. 3 , we find that the light curve width of SN 2012dn is intermediate between normal and super-Chandra SNe Ia. In the early phase, the B band light curve of SN 2012dn is similar to that of SN 1991T, however, during late phase, SN 2012dn declines faster than SN 1991T. A similar trend is seen in the V band also. The reddening corrected (uvw1 − v), (U − B), (B − V ), (V − R) and (R − I) colour curves of SN 20012dn are plotted in Fig. 4 and their values at the time of B band maximum are listed in Table 6 . Colour curves of some well studied SNe Ia (used for comparing the light curves) have also been plotted in the same figure for comparison. Following extinction law of Cardelli, Clayton & Mathis (1989) , all the colour curves have been dereddened. The total reddening of E(B − V ) Gal+host = 0.18 was used for SN 2012dn (refer section 3.4) and for other SNe the reddening values were taken from their respective references.
The (U − B) colour of SN 2012dn is bluer as compared 
Luminous secondary maximum in R and I bands
The I band light curve of normal and SN 1991T-like SNe Ia shows secondary maximum around 21 to 30 d after B band maximum (Leibundgut 2000) , with a pronounced minima in between the peaks. Around this epoch, a shoulder/rebrightening is also seen in the R band light curve.
In Fig. 5 , we have compared early phase R and I band light curves of SN 2012dn with the light curves of SNe used for comparison in Fig. 3 . Our imaging data does not have very good coverage during early post-maximum phase. However, it is evident from Fig. 5 that the minima between the primary and secondary peak is absent/very weak in the I band light curve of SN 2012dn, different from those of normal SNe Ia and SN 1991T-like objects. In SN 2009dc, the minima between primary and secondary maxima was not so pronounced and the early post-maximum R and I light curves flatten to give a plateau-like appearance (Silverman et al. 2011; Taubenberger et al. 2011) . It is apparent from Fig. 5 that in the I band, normal SNe Ia SN 2003du and SN 2005cf show deep minimum between primary and secondary maxima. The depth of minimum with respect to primary maximum is ∼ 0.7 mag for normal SNe Ia (used here) while in SN 1991T it is ∼ 0.4 mag. As compared to the primary maximum, the secondary maximum is fainter by ∼ 0.5 mag and ∼ 0.3 mag in normal and SN 1991T-like luminous events, respectively. In SN 2009dc, the primary and secondary maxima are almost equally bright and minimum seems to be unnoticeable. This gives a broader, plateau-like appearance to the I band light curve around maximum light. The Early phase post-maximum (< 50 d) decline rates (∆m50(λ)) for SN 2012dn and other SNe in comparison have been calculated in the BV RI bands and are listed in Table  7 . From this analysis and from Fig. 5 , it is clear that the The secondary maximum in the I through K band light curves are thought to be associated with the ionization state of the ejecta (Pinto & Eastman 2000; Li et al. 2003; Kasen 2006) . Based on numerical simulations, Kasen (2006) has shown that the secondary maximum of SNe Ia is directly related to the ionization evolution of IGEs in the ejecta. It is identified with the onset and recession of the 2 → 1 (transition from doubly to singly ionized states) ionization front into iron-rich ejecta. Other factors such as change in flux mean opacity, mass of 56 Ni and mixing of 56 Ni into the ejecta affect the occurrence and strength of secondary maxima. Mixing of 56 Ni outward into the region of IMEs advances the secondary maximum, causing it to merge with the first maximum. This also results in broadening the peak in R and I band light curves, and the disappearance of the secondary maximum. The strength of the secondary maximum is found to be a good measure of the amount of IGEs synthesized in the explosion.
In subluminous SNe Ia, because of the small amount of 56 Ni, the secondary maximum occurs at early times and merges with the first maximum, leading to an absence of the secondary maximum. In the case of the low luminosity, peculiar SN Ia SN 2002cx, the broad peak in the R band and the nearly constant, plateau phase for ∼ 20 d in the I band, seen around maximum, were suggested, by Li et al. (2003) , to be a result of the rapid change in the ionization stage (from Fe iii to Fe ii). According to Li et al. (2003) , this change in the ionization stage causes an early release of the residual stored energy, resulting in the merger of the primary and secondary peak, giving rise to a broadened peak in the R band and a plateau phase in the I band light curves.
The observed absolute magnitude of SN 2012dn clearly indicates the supernova is not subluminous. Hence the apparent absence of a secondary maximum, is not due to low production of 56 Ni. As suggested earlier, the secondary maximum in the I band is luminous, giving it a broad, plateau appearance. This hints towards a larger production of IGEs. The large production of IGEs and their mixing to higher velocities in the explosion thus appears to be the cause of luminous secondary maximum in SN 2012dn. 
Enhanced fading in the late phase
During late phase (∼ 50-100 d after B band maximum), evolution of light curves of SN 2012dn is different from other well studied events (refer Fig. 3 and Fig. 6 ). The late phase decline rate of SN 2012dn and other events is estimated by a least square fit to the observed data in U , B, V , R, I bands and is listed in Table 7 . The late phase decline rate of SN 2012dn is faster than that of other objects in comparison. Steepening in the light curve has also been observed in the super-Chandra SNe Ia SN 2006gz and SN 2009dc, but at much later phases. Observation of SN 2006gz a year after the B band maximum revealed that it was fainter than the normal type Ia SN 2003du by a factor of ∼ 4. SN 2006gz faded dramatically sometime between the peak phase and the nebular phase ). Likewise, SN 2009dc showed an increase in the decline rate ∼ +200 d, and at ∼ +400 d, it was no longer luminous than SN 2003du (Taubenberger et al. 2013) . Though the peak luminosity of SNF20080723-012 was similar to SN 2006gz and SN 1991T, it also showed signature of rapid decline and ∼ 200 d after maximum it was fainter than SN 1991T. Among the superChandra SNe Ia SN 2007if showed the least steepening in the light curve. It had a nearly constant decline rate during ∼ 50-300 d.
Various mechanisms, such as positron escaping, infrared catastrophe (IRC), dust formation and reprocessing of optical light to longer wavelengths, have been proposed to explain the observed departure in the late phase decline rate from the expected one due to Fe chain, namely, gamma-ray photons and positrons. Because of the significantly high energy available with photons per decay than positrons, during the early phase, energy deposition is dominated by photons. At later phase (∼ 100 d after explosion), the energy deposition is dominated by positrons. At low ejecta density, positron may escape depending on the nature of the magnetic field (Milne, The & Leising 2001) . The escape of positron causes reduction in the energy deposition rates to the ejecta, which in turn leads to fainter light curves. This effect is found to be very low even at very late phase; at ∼ 400 d, it can account for at the most ∼ 0.5 mag drop in the light curve ). Hence, the observed early steepening (∼ 60 d after B band maximum) in the light curve of SN 2012dn can not be a consequence of escape of positrons. Taubenberger et al. (2013) have suggested that the observed luminosity drop is probably the outcome of the flux distribution into infra-red, which could be accomplished by an early infra-red catastrophe (IRC) or by dust formation.
The IRC causes shift of bulk emission from optical to infra-red wavelengths at late phases (Axelrod 1988) , resulting in significant drop in the late time optical light curves. This occurs when the density and temperature of the ejecta fall below a critical value during the expansion of ejecta. However, there is no indication of occurrence of IRC in SNe Ia (see also Taubenberger et al. 2013) .
Dust formation in the ejecta of SNe Ia has been explored theoretically by Nozawa et al. (2011) . They have shown that similar to core-collapse SNe, dust can form in the ejecta of SNe Ia also. Because of low gas density in the ejecta of SNe Ia, the gas temperature decreases rapidly, resulting in much earlier condensation of dust (∼ 100-300 d) than those in type IIP SNe (> 300 d).
The pre-maximum spectra of SN 2012dn show signature of C ii λ6580 feature (refer section 4.1), indicating the presence of unburned C. Nozawa et al. (2011) have shown that the C present in the ejecta can lead to formation of graphite dust in the supernova ejecta. The unburned C in the ejecta may also combine with O to form CO molecules affecting the composition, size and mass of dust grain. Further, radioactivity due to 56 Ni produced in the explosion, destroys the molecules making C free for dust formation. The slow expansion velocity of the ejecta results in comparatively high densities at late phases, which may also promote formation of dust in the supernova ejecta.
It thus appears that the observed fast decline in SN 2012dn might be due to dust formation. The onset of dust formation in the ejecta should also increase the luminosity in the near-infrared (NIR) bands. However, due to nonavailability of the NIR data we are unable to confirm. For super-Chandra objects, the observed differences in the onset of steepening in the light curve and magnitude drop can be understood in terms of different time-scales and intensities of dust formation (Taubenberger et al. 2013 ). obtained near maximum light, with an equivalent width of 0.69Å and 0.75Å , respectively. The empirical relation between reddening and equivalent width of Na i D line (Turatto, Benetti & Cappellaro 2003) gives colour excess of E(B − V ) = 0.12 mag from the host. For normal SNe Ia, the extinction within the host galaxy can also be estimated using the Lira-Phillips relation (Phillips et al. 1999) . In Fig. 4 we have plotted the Lira-Phillips relation along with the (B−V ) colour evolution during 30-90 d after maximum light. The Lira-Phillips relation gives the colour excess within the host as E(B − V ) = 0.43 mag, which is much higher than the reddening value estimated using the Na i D lines. Similar discrepancy between the reddening estimates from the Na i D lines and Lira-Phillips relation is noticed for SN 2009dc (Yamanaka et al. 2009 ) and SN 2007if (Scalzo et al. 2010) also. Further, the (B −V ) colour evolution of SN 2012dn appears to be slower than that expected from the Lira-Phillips relation (refer Fig. 4 ), indicating that Lira-Phillips relation may not hold for these objects. Host galaxy reddening can be estimated using the observed colour at maximum and decline rate parameter ∆m15(B) (Phillips et al. 1999; Altavilla et al. 2004) . It gives colour excess of E(B − V ) = 0.12 for the host galaxy, which is similar to that obtained using Na i D lines. The observed discrepancy between Lira's method and Phillips/Altavilla's method may be due to difference in the colour evolution of SN 2012dn and normal SNe Ia. For further analysis we have adopted total reddening E(B − V ) total = 0.18 mag. Cardelli et al. (1989) and RV = 3.1, the peak absolute magnitude of SN 2012dn in U , B, V , R and I bands are calculated and given in Table 6 .
Reddening and Absolute magnitudes
The use of RV as 3.1 has been debated in the recent past. There are studies indicating value of RV lower than 3.1 for SNe Ia host galaxies (Altavilla et al. 2004; Reindl et al. 2005; Wang et al. 2006; Amanullah et al. 2014) . It is shown by Jha et al. (2007) and Folatelli et al. (2010) that value of RV lower than 3.1 is preferred by SNe Ia significantly reddened by dust in their host galaxies. In another study Chotard et al. (2011) have also shown that the empirical reddening law, derived using optical spectrophotometric data of SNe Ia is compatible with the classical extinction law with RV = 2.8 ± 0.3. However, for the sake of completeness, the peak absolute magnitude of SN 2012dn is also estimated with a lower value of RV = 2.3 (Wang et al. 2006 ). With RV = 2.3, the absolute magnitude of SN 2012dn will be fainter by 0.151, 0.128, 0.096, 0.072 and 0.046 mag, in U , B, V , R and I bands, respectively, which does not change our conclusion. For rest of the analysis we have used RV as 3.1.
The absolute V band light curves of SN 2012dn and other well studied SNe used for comparison in section 3.1 are plotted in Fig. 7 . It is evident that in early phase SN 2012dn is marginally brighter than normal SNe Ia SN 2003du, SN 2005cf and less luminous than SN 1991T and other super-Chandra events. Though in optical bands SN 2012dn is marginally bright than the normal type Ia events, in the UVOT uvw1 and uvm2 bands it is ∼ one and two magnitudes brighter than normal events, respectively (Brown et al. 2014 ). During 20-65 d after B band maximum, in optical bands SN 2012dn is considerably brighter than normal SNe Ia and comparable to that of SN 1991T. Later on SN 2012dn declines faster and at ∼ 100 d its luminosity is similar to the normal SNe Ia.
In Fig. 8 , absolute B band magnitude at maximum is plotted against decline rate parameter ∆m15(B) for SN 2012dn and other well studied SNe Ia used for comparison in section 3. , we recalculated its absolute magnitude for RV = 3.1 The luminosity decline rate relation of Phillips et al. (1999) is also shown in the same figure as solid line. Normal SNe Ia with ∆m15(B) close to 1.1 follow Phillip's relation (Phillips et al. 1999) . SNe Ia having ∆m15(B) on the extreme ends (overluminous/super-Chandra and underluminous objects) deviate from Phillips relation. SN 2012dn also lies away from Phillip's relation, although, the deviation is not as significant as is seen in the case of other superChandra objects.
Bolometric light curve
The observed U , B, V , R and I magnitudes and UVOT uvw2, uvm2, uvw1 magnitudes have been used for deriving the bolometric light curve of SN 2012dn. The opti- cal and UVOT magnitudes are corrected for total reddening of E(B − V ) = 0.18 mag using the reddening law of Cardelli et al. (1989) with RV = 3.1. A distance modulus of µ = 33.15 ± 0.15 mag is used. On a few nights when there is no U band observation, data points are obtained by interpolating the neighbouring points. Reddening corrected optical magnitudes were converted to corresponding flux following Bessell, Castelli & Plez (1998) . First we have estimated quasi-bolometric fluxes using the optical bands only, by fitting spline curve to the U , B, V , R and I fluxes and integrating over the wavelength range 3100Å to 10600 A determined by the response of the optical filters used for the observation. In the next step we have included the UVOT fluxes also for estimating the quasi-bolometric flux. The extinction in the Swift UVOT bands have been estimated using the empirical relation and the co-efficients provided by Brown et al. (2010) . The zero points for converting the UV magnitudes to fluxes have been taken from Poole et al. (2008) . The UVoptical quasi-bolometric flux of SN 2012dn was estimated by integrating the monochromatic flux over the wavelength range 1600Å to 10600Å, and is plotted in Fig. 9 with open diamond symbol connected by solid line.
The peak quasi bolometric luminosity of SN 2012dn using only optical bands is log L max bol = 43.17 ± 0.06 erg s −1 , while after including the Swift UV flux the peak quasibolometric luminosity increases by ∼ 20% and it goes to 43.25 ± 0.06 erg s −1 . To obtain the uvoir (UV-Optical-IR) bolometric luminosity, correction should be made to account for flux in NIR passbands. Suntzeff (1996) estimated that contribution from NIR band is at most 10% at early times. For SN 2005cf, Wang et al. (2009 showed that the NIR contribution declines initially with a minimum of ∼ 5% (see Fig. 23 in Wang et al. 2009 ) at ∼ 4 d after the B band maximum and later it rises linearly reaching to a peak of ∼ 20% at ∼ 30 d (during secondary maximum). At nebular phases, the NIR contribution was found to decline gradually reaching below 10% at ∼ 80 d. For SN 2009dc, Taubenberger et al. (2011 estimated the NIR contribution of ∼ 10% to the bolometric flux around maximum light. The NIR correction for SN 2007if was less than 5% around B band maximum (Scalzo et al. 2010 ). Adding 5% contributions to account for the missing NIR flux at peak luminosity, we find peak bolometric luminosity of log L max bol = 43.27 ± 0.06 erg s −1 for SN 2012dn. SN 2012dn was discovered on 2012 July 08.52 (UT) which is ∼ 15.87 d before B band maximum. This provides a lower limit to the rise time. We do not have good constrain on the upper limit as non-detection is reported on 2011 April 01, much before the discovery (Bock et al. 2012) = 43.27 erg s −1 . Arnett's rule uses α = 1 exactly. However, depending on the explosion model the value of α may range from 0.8 to 1.4, with 1.2 as most applicable value (Branch 1992) . Using α = 1.2, for SN 2012dn, we find MNi = 0.82 ± 0.12 M⊙. The derived mass of 56 Ni is on the higher side of those observed in normal SNe Ia.
In Fig. 10 , mass of 56 Ni is plotted against ∆m15(B) for SN 2012dn and other well studied SNe Ia used in section 3.4 and Fig. 8 . For the sake of completeness SN 1989B, SN 1990N, SN 1991T, SN 1991bg, SN 1992A and SN 1994D were included in this figure, and mass of 56 Ni for these events were taken from Stritzinger et al. (2006) . For some of the SNe, mass of 56 Ni was arrived at by modelling of nebular spectra/light curves as well as by the Arnett's rule. In such cases we have used the mass of 56 Ni estimated using Arnett's rule. Whenever required the reported mass of 56 Ni was scaled for α = 1.2. It is found that SN 2012dn lies in the luminous SNe Ia group, consistent with its other observed properties. 
SPECTRAL EVOLUTION
Medium resolution spectra of SN 2012dn observed during −11.6 d to +98.2 d with respect to B band maximum are presented in Fig. 11 , 13, 16 and 18. The spectra have been corrected for redshift (z = 0.01) and total reddening of E(B − V )tot = 0.18 as described in sections 2.2 and 3.4.
Pre-maximum
The pre-maximum spectra of SN 2012dn obtained at −11.6, −7.6 and −5.6 d with respect to B band maximum are plotted in Fig. 11 . The first spectrum obtained on −11.6 d, has blue continuum with relatively narrow absorption lines. The characteristic absorption features of SNe Ia due to Si ii λ6355, λ5972, λ4130 and λ3858, S ii lines at λ5454, λ5640 and narrow Ca ii H&K lines are clearly seen. The blueshift of the Si ii λ6355 line is ∼ 11900 km s −1 . There is a broad absorption redward of Si ii λ6355 line, which is associated with the C ii λ6580 line ). This line is blueshifted by ∼ 9500 km s −1 . Other lines due to C ii at λ7234 and λ4267 are marginally detected in this spectrum. The other two spectra at −7.6 and −5.6 d are similar to that of −11.6 d. The absorption lines have become stronger. The C ii λ6580 line is detected in all the pre-maximum spectra with reducing strength while the other C ii lines are not seen in −7.6 and −5.6 d spectra. The Ca ii NIR triplet is becoming stronger. The Si iii λ4560 line is very strong and its strength is comparable to Mg ii line in the pre-maximum spectra.
Pre-maximum spectrum at −7.6 d is fit with the synthetic spectrum generated using the syn++ 3 code and plot- Figure 11 . Pre-maximum spectral evolution of SN 2012dn during −11.6 d to −5.6 d with respect to B band maximum. Synthetic spectrum generated using the syn++ code is also plotted (dashed line) with the −7.6 d spectrum. (A colour version of this figure is available in the online journal.) ted in Fig. 11 . The syn++ code is a rewrite and enhanced version of original parametrized supernova synthetic spectrum code synow (Fisher 2000) , with more complete atomic data files (Thomas, Nugent & Meza 2011) . The synow code is based on basic assumption of spherical symmetry where velocity of ejecta is proportional to radius (v ∝ r). Line formation is treated using the Sobolev approximation (Sobolev 1957; Jeffery & Branch 1990 ) and occurs purely due to resonant scattering outside a sharp photosphere that emits blackbody continuum at a given temperature. Profile of a reference line of an ion is determined by optical depth which is a function of velocity. Relative strengths of other lines of the same species are calculated assuming Boltzmann statistics at an excitation temperature. The −7.6 d spectrum of SN 2012dn matches well with the synthetic spectrum having photospheric velocity of 11800 km s −1 and blackbody temperature of 26000 K. The synthetic spectrum with lower temperature (∼ 12000 K), used for normal SNe Ia (Branch et al. 2005) does not fit the bluer part (below 5500Å) of the spectrum. An excess emission is noticed in the bluer part of the spectrum, consistent with the very blue (uvw1−v) and (U −B) colours of SN 2012dn in the pre-maximum phase. The synthetic spectrum includes ions of O i, Mg ii, Si ii, Si iii, S ii, Ca ii, Fe ii, Fe iii, Co ii and Ni ii. Optical depths of all the lines were set to decrease exponentially with velocity, keeping e-folding velocity at 1000 km s −1 . An excitation temperature of 10000 K was used for all ions except C ii, for which it was taken as 17000 K to match with the relative line strength in the observed spectrum. This is similar to the case of SN trum are marked in Fig. 11 . Inclusion of Co ii and Ni ii improves the fit at Si ii λ4130. The feature at emission part of W shaped S ii and blueward to Si ii λ5972 in the observed spectrum could not be reproduced in the synthetic spectrum. A similar mismatch was also noted by Taubenberger et al. (2011) for SN 2009dc at ∼ +7 d. A blend of Na i D with Si ii λ5972 was suggested to be responsible for this feature (Taubenberger et al. 2011) . To associate this feature with Na i D in SN 2012dn, relatively high ejecta velocity is required. Si iii with significantly lower photospheric velocity could also give rise to this feature. However, with the lower photospheric velocity, lines due to other ions become much stronger than seen in the observed spectrum.
The −7.6 d spectrum of SN 2012dn is plotted in Fig. 12 with spectra of SN 2009dc (Taubenberger et al. 2011 ), SN 2006gz (Hicken et al. 2007 ), SN 2007if (Scalzo et al. 2010 ), SN 1991T (Jeffery et al. 1992 Schmidt et al. 1994 ) and SN 2003du (Anupama et al. 2005) 
Maximum to early nebular phase
The spectral evolution during early post-maximum phase (close to maximum to 10 d after maximum) is displayed in Fig. 13 . As compared to the −5.6 d, the spectrum close to maximum has redder continuum, which becomes increasingly redder at later epochs. The narrow Si ii λ4130 and Ca ii H&K lines are well resolved and a small notch with decreasing strength at the position of C ii λ6580 is seen till +10.4 d. The strong Si iii λ4560 line in the pre-maximum spectra starts blending with the Mg ii line and disappears ∼ 5 d after B band maximum. The S ii lines weaken and disappear in +10.4 d spectrum. The blend of Na i with Si ii at ∼ 5800Å and Ca ii NIR triplet start becoming stronger. In Fig. 13 spectra of SN 2012dn close to B band maximum and at +10.4 d, are compared with the synthetic spectra obtained with syn++. As noted with the spectrum at −7.6 d, the synthetic spectrum with the blackbody temperature (∼ 13000 K) used for normal SNe Ia does not fit the bluer part of the observed spectrum at B maximum. The spectral evolution of SN 2012dn during ∼ 1 to 2 months after B band maximum is displayed in Fig. 16 
Velocity evolution of the supernova ejecta
The expansion velocity of SN 2012dn measured using minimum of the Si ii λ6355 absorption line at different epochs, is plotted in Fig. 20 . The first data point in the plot is from the early velocity measurement by . Velocity evolution of other well studied SNe Ia have also been plotted for comparison in the same figure. During the premaximum phase, till ∼ one week before B band maximum, the Si ii velocity of normal SNe Ia shows a rapid decline, which is not seen in case from pre-maximum phase to ∼ one week after maximum, exhibiting a plateau-like feature in velocity evolution. A small plateau phase during −14 to −13 d was observed in SN 2006gz (Hicken et al. 2007 ). We donot see any plateau-like feature in Si ii velocity evolution of SN 2012dn, it declines linearly with a slope similar to SN 2006gz. Slow velocity evolution with plateau like feature and presence of unburned materials observed in super-Chandra SNe Ia have been interpreted as a result of envelope/shell or clumpy structure in their ejecta (Scalzo et al. 2010 ).
The C ii λ6580 line velocity of SN 2012dn along with those of SN 2006gz and SN 2009dc is also plotted in the same figure. The first measurement of C ii line velocity is taken from , wherein they have measured a velocity of ∼ 12200 km s −1 , marginally higher than the velocity of Si ii line (∼ 12000 km s −1 ). In SN 2006gz, C ii line was detectable only during the pre-maximum phase with expansion velocity always higher than that of Si ii line. The C ii velocity in SN 2009dc was ∼ 800 km s −1 more than Si ii velocity around 9 d before B maximum. Around maximum light C ii and Si ii velocities were comparable and afterwards C ii velocity was lower than Si ii velocity. In SN 2012dn C ii velocity evolution appears peculiar as compared to SN 2006gz and SN 2009dc. Except at −13 d (when C ii velocity is marginally higher than Si ii velocity), C ii velocity is always lower than Si ii velocity. The C ii velocity decreases rapidly from ∼12000 km s −1 to ∼9500 km s −1 in just 2 days. Afterwards the difference in velocity estimated using Si ii and C ii is > 3000 km s −1 . Folatelli et al. (2012) have shown that for normal SNe Ia the velocity evolution of C ii is parallel to that of Si ii with an offset of ∼ +1000 km s −1 . In another study of carbon features in SNe Ia, the ratio of Doppler velocities v (C ii λ6580)/v (Si ii λ6355) has been explored and for majority of SNe Ia it is found to be close to 1 (Parrent et al. 2011 ). explained if the actual velocity of C ii is same as v phot but instead of forming in a shell at the observed velocity, the carbon is in a clump at v phot and offset by an angle from the line of sight. It is possible that the observed discrepancy in the Si ii and C ii λ6580 velocity in SN 2012dn may be due to clumping and projection effect of carbon rich material, however, detailed modelling is required to confirm it.
DISCUSSION AND SUMMARY
The properties exhibited by SN 2012dn makes it an interesting object. SN 2012dn is a slow-declining (∆m15(B)true = 0.92) and marginally luminous type Ia supernova. The peak B and V band absolute magnitudes are M max B = −19.52 and M max V = −19.42, respectively. The light curve evolution of SN 2012dn is different from normal SNe Ia in the following way: (i) the light curve in I band peaks after maximum in B band, which is opposite to the observed trend for normal type Ia events, (ii) the strength of the primary and secondary maximum is almost similar in SN 2012dn, whereas, in normal SNe Ia the secondary maximum in I is found to be ∼ 0.5 mag fainter than the primary maximum and (iii) the late phase decline of SN 2012dn in all the bands is faster. Though, it is marginally luminous in the optical bands, it is ∼ one magnitude and two magnitudes brighter than normal SNe Ia in UVOT uvw1 and uvm2 bands, respectively. It shows very blue (uvw1 − v) and (U − B) colours. The contribution of UV bands to the bolometric flux is quite high, it evolves from ∼ 37% (at −12 days) to ∼ 8% (+18 days). At B maximum ∼ 20% of the bolometric flux is emitted in UV bands, similar to SN 2009dc (Silverman et al. 2011 SN 2012dn shows spectral features characteristic of normal SNe Ia, but with relatively narrow absorption lines. Presence of unburned materials in the ejecta is evident from the C ii 6580Å absorption feature seen in the pre-maximum spectra. During the pre-maximum and close to maximum phase, to reproduce observed shape of the spectra, the synthetic spectrum code syn++ needs significantly higher blackbody temperature, than those required for normal type Ia events. However, during the post-maximum phase, synthetic spectrum with blackbody temperature similar to normal type Ia fits the observed spectrum well. Photospheric velocity of SN 2012dn, inferred from Si ii 6355Å absorption line, is marginally greater than those of the super-Chandra SNe: SN 2003fg, SN 2007if, SN 2009dc and lower than SN 2006gz and normal type Ia events. Similar to super-Chandra events, SN 2012dn has slow velocity evolution which is almost parallel to that of SN 2006gz.
Normal SNe Ia are expected to produce only weak emission in the far-UV, but interaction of the supernova ejecta with an extended progenitor such as red-giant star can produce excess of UV photons (Kasen 2010) . Based on the smoothness of the UV light curves and their qualitative similarity to the optical light curves, the higher luminosity of SN 2012dn is associated with photospheric origin (Brown et al. 2014) . Further, the presence of stronger features in MUV (below 2700Å) and optical spectra also supports the photospheric origin for the excess emission, as flux from a hot shock would be relatively smooth and would dilute the photospheric features (Brown et al. 2014; Hamuy et al. 2003) . Hence, it is suggested that a higher temperature and lower opacity may contribute to the UV excess rather than a hot, smooth blackbody from shock interaction (Brown et al. 2014) . However, the possibility of a structured spectrum with emission and absorption arising due to reprocessing of shock emission or originating from a different composition, is not ruled out. They have emphasized the need for higher quality UV spectra at the earliest possible epochs to probe the mechanism responsible for the excess UV emission. The syn++ fit of the pre-maximum spectra with very high blackbody temperature also supports the photospheric origin for excess luminosity in the early phase.
The light generation by significant interaction of the ejecta with a CSM can also result in increased luminosity of super-Chandra SNe (Taubenberger et al. 2011; Hachinger et al. 2012) . Usually presence of CSM around SNe Ia is inferred through either temporal variability (Patat et al. 2007) or statistical analysis of the velocity of narrow absorption features (Sternberg et al. 2011) . Supernovae with relatively narrow hydrogen emission lines that are linked to SNe Ia are labelled as "Ia-CSM" objects. Silverman et al. (2013) have investigated the observable signatures of SNe Ia-CSM and argued that at least some SNe Ia arise from the SD channel, since a hydrogen rich CSM is most likely the result of SD scenario. These are the extreme cases of interaction of supernova ejecta with the CSM. The absence of any variable narrow absorption lines and narrow hydrogen emission lines in our medium resolution spectra indicates that appreciable amount of CSM may not be present around SN 2012dn to give rise to higher luminosity.
The decline in the magnitude in 50 days after B maximum listed in the Table 7 shows that SN 2012dn has slower decline than normal SNe Ia and SN 1991T and faster than SN 2009dc in all the bands (in B band SN 1991T and SN 2012dn have comparable decline rates). Scalzo et al. (2014) have demonstrated that despite having significantly different peak magnitudes, shape of the post-maximum light curve in g band of supernova LSQ12gdj, SN 2007if and SN 1991T-like SN 2005M are similar and different from the Ia-CSM objects (refer Fig. 10 of Scalzo et al. 2014) . However, presence of blueshifted Na iD and Ca ii H&K absorption in the high resolution spectrum of supernova LSQ12gdj led Scalzo et al. (2014) to postulate that some CSM may be present around LSQ12gdj while its contribution to the luminosity is negligible. Hachinger et al. (2012) have discussed the possibility of the CSM consists of C, O or heavier elements, sufficiently close to the progenitor. The tamped detonation, in which a white dwarf surrounded by an extended envelope explodes (Khokhlov, Müller E. & Höflich 1993 , and references therein), presents a possible progenitor system with CSM. It produces luminous events with longer rise time, which appear much like normal type Ia supernova after maximum. The extended envelope may come from an accreted binary companion. The presence of C feature in the spectra of SN 2012dn till ∼ 10 days after maximum indicates possibility of explosion in a C rich environment. The presence of C in the CSM would also provide conducive environment for dust formation, which may explain the observed steepening in the light curve ∼ 50 days after maximum. A detailed model is required to check these possibilities. tory (WISeREP) maintained by the Weizmann Institute of Science computing center.
